Clinically, recurrent glioblastoma multiforme (GBM) is often associated with communicating hydrocephalus. We hypothesized that there are specific magnetic resonance (MR) imaging findings at the diagnosis of recurrent GBM that predict subsequent hydrocephalus. Various clinical characteristics were investigated including outcome and MR imaging findings in 12 patients with recurrent GBM followed by hydrocephalus (Hydro group) and 21 patients with recurrent GBM without hydrocephalus (Non-hydro group). Patient age and presence of communicating hydrocephalus were significantly associated with poor outcome. Median survival with recurrent GBM was longer in the Non-hydro group than in the Hydro group. Low Karnofsky performance status (KPS) and poor recursive partitioning analysis (RPA) class (RPA class 3, 5, 6, or 7) at the diagnosis of recurrent GBM were associated with the presence of hydrocephalus. The incidence of leptomeningeal dissemination after recurrent GBM was higher in the Hydro group than in the Non-hydro group. Evans index and fractional anisotropy value showed no difference at the diagnosis of recurrent GBM, but some MR imaging findings indicated that lesion attached to the basal cistern and/or ventricle was closely associated with subsequent hydrocephalus. We recommend careful monitoring of the ventricle size and leptomeningeal dissemination, especially in patients with low KPS and/or poor RPA class, if MR imaging indicates that the lesion is attached to the basal cistern and/or ventricle at recurrence of GBM.
Introduction
Primary glioblastoma multiforme (GBM) frequently relapses after initial treatment. In addition, secondary GBM derived from certain primary World Health Organization (WHO) grade II-III gliomas also relapses with more malignant behavior than the primary tumor. Despite intensive treatment, the median overall survival of a patient with recurrent GBM does not exceed 1 year. 3, 4, 7, 9) Clinically, some patients suffer progressive ventricular dilation, mainly caused by communicating hydrocephalus, after the diagnosis of recurrent GBM. 6, 8, 10, 13) We and others have speculated that undetectable tumor dissemination at the initial stage is the cause of the subsequent hydrocephalus. If so, magnetic resonance (MR) imaging should indicate a specific sign such as ventricular dilation at recurrence, even before the definitive diagnosis of subsequent hydrocephalus. Therefore, we hypothesize that ventricle size and brain compression in patients with hydrocephalus at the diagnosis of recurrent GBM are more prominent than in patients without hydrocephalus, and specific MR imaging findings are present at the detection of recurrent GBM that indicate subsequent hydrocephalus. The present study compared the imaging findings of 12 patients with recurrent GBM followed by hydrocephalus, with those of 21 recurrent GBM patients without hydrocephalus, to identify any specific signs and predictive factors.
Patients and Methods
This retrospective study included 12 patients (4.1% of 295 operative cases of WHO grade II-IV gliomas) with recurrent supratentorial GBM with progressive ventricular dilation after diagnosis (Hydro group). All patients were admitted to Tsukuba University Hospital between 2007 and 2011, and followed up with frequent neuroimaging. Patients had progressive ventricular dilation due to communicating hydrocephalus (10 cases) and combined hydrocephalus (2 cases). The study also included 21 agematched patients with recurrent supratentorial GBM without progressive ventricular dilation admitted to our hospital during the same period of time (Non-hydro group). Twenty-three patients had recurrence of primary GBM and 10 patients had recurrence from secondary GBM. The recursive partitioning analysis (RPA) classification 3) defined 2, 1, 7, 4, 3, 6, and 10 cases from class 1 to 7, respectively.
Communicating hydrocephalus was defined as obvious ventricular dilation without intraventricular mass or severe obstruction of the ventricle system, with corresponding clinical symptoms such as headache, vomiting, gait disturbance, and/or decreased activities of daily living. In two patients with combined hydrocephalus, ventricular dilation was mainly caused by communicating hydrocephalus but partially by the obstructive component. Evans index was measured as the ratio of the maximum width of the anterior horns to the maximum width of the inner table of the skull on the same axial MR image or computed tomography scan. If the size of the unilateral horn could not be measured because of the presence of the tumor or edema, the index was measured as the ratio of the anterior horn to the midline distance and the midline to the inner table distance on the unaffected side. Modified posterior ventricular hemisphere ratio (mPVHR), which was originally based on echography, was also evaluated on the same axial slice as the Evans index, measured as the ratio of the maximum width of the posterior horns to the maximum width of the inner table or as the ratio of the posterior horn to the midline distance and the midline to the inner table distance on the unaffected side.
Age, sex, Karnofsky performance status (KPS) score, RPA class, MR imaging findings of tumor location, size, Evans index, mPVHR, enhancement of the ventricle wall, leptomeningeal dissemination, and other factors, and use of steroids, re-operation at the diagnosis of recurrent GBM, ventricle opening at the initial surgery and at re-operation, clinical diagnosis of hydrocephalus after the diagnosis of recurrent GBM, time to recurrence after the initial diagnosis, time to the shunt surgery after recurrence, and the outcome were investigated. Additionally, to identify any difference in the intra-ventricular pressure at the diagnosis of recurrent GBM between the Hydro and Non-hydro groups, diffusion tensor imaging (DTI) was performed in 3 patients in the Hydro group and 4 patients in the Non-hydro group, and the fractional anisotropy (FA) value in caudate head, which is known as an indicator of intra-ventricle pressure, 12) was analyzed.
MR imaging used a 1.5-tesla scanner (Achieva; Philips, Best, the Netherlands). DTI was performed using a multi-section single-shot spin-echo echoplanar imaging sequence (repetition time [TR]/echo time [TE] 10885/60 msec, field of view 230 mm, matrix 128 × 128, slice thickness 3 mm without gap, number of acquisitions 2, b values 0 and 1000 sec/mm 2 in 15 different directions). The sequences consisted of spin-echo T 1 -weighted imaging (TR/TE 678/12.5 msec), fast spin-echo T 2 -weighted imaging (TR/TE 3000/100 msec), and fluid-attenuated inversion recovery imaging (TR/TE 11000/140 msec, inversion time 2800 msec). DTI analysis was performed as described previously 2, 12) using the software programs Volume-One and diffusion TENSOR visualizer (Department of Radiology, University of Tokyo, Tokyo). Volumes of interest (VOIs) of uniform size were set anatomically in several locations including the head of the caudate nucleus. FA and mean diffusivity at each point were concurrently calculated using the software. VOIs were selected bilaterally in at least 3 sections in which anatomic regions could be identified. The measured volume at each point was a sphere of approximately 3.6 mm in diameter, which was optimal for each region. The diffusion property of each position was obtained by averaging the data from the 3 VOIs.
Statistical analysis used Student's t-test (paired and unpaired) for continuous variables, to determine the differences of mean values between the groups and within each group. To assess the significant difference between the groups, including intermittent variables, we used the Mann-Whitney U (MWU) test (unpaired) or Wilcoxon test (paired). The Fisher direct method was used for categorical data. The logrank test was used to determine whether the differences in survival between groups were significant. Value of p º 0.05 was considered significant in each analysis. SPSS 18 (IBM Corp., Armonk, New York, USA) was used for statistical analysis.
Results
Representative cases of the Hydro and Non-hydro To evaluate whether ventricular changes in the Hydro group were different from those in the Non-hydro group, the values of Evans index and mPVHR at the diagnosis of recurrent GBM and the maximum values between 20 days and 99 days after the diagnosis were measured in both groups. The median timing of the maximum values was 74.0 days after the diagnosis in the Hydro group and 56.5 days in the Non-hydro group, with no statistical significance (p ＝ 0.208, MWU test). Figure 3 shows that both Evans index and mPVHR were significantly higher after the diagnosis in the Hydro group (p º 0.05, Wilcoxon test), and mPVHR was significantly higher after the diagnosis in the Hydro group than in the Non-hydro group (p º 0.05, MWU test).
Median overall survival (OS) after the diagnosis of recurrent GBM was 12.3 months (95% confidence interval [CI] 7.0-17.6 months). Median OS of patients with recurrent GBM from primary GBM (RPA classes 4-7) was 15.4 months (95% CI 4.0-26.8 months) from the recurrence and 24.2 months (95% CI 0-49.0 months) from the initial diagnosis. Median OS of patients with recurrent GBM from WHO grade II/III gliomas (RPA classes 1-3) was 12.3 months (95% CI 5.1-19.5 months) from the recurrence and 79.2 months (95% CI 9.8-148.6 months) from the initial diagnosis.
To identify the factors associated with poor out- (Fig. 4) . Table 1 shows treatments for 12 cases in the Hydro group and for 21 cases in the Non-hydro group, excluding treatments for hydrocephalus. Ten patients (83%) in the Hydro group and 16 cases (76%) in the Non-hydro group underwent conventional radiotherapy before the diagnosis of recurrent GBM. Temozolomide with or without other special therapies was used for 9 patients (75%) in the Hydro Table 2 compares the patient characteristics and outcomes in the Hydro and Non-hydro groups, excluding the treatment data described in Table 1 . There was no difference between the two groups in pathological etiology, number of operation procedures before the diagnosis, tumor region, or time to recurrence after the initial diagnosis. Lower KPS and poor RPA class (class 3, 5, 6, or 7) at the diagnosis of recurrent GBM were associated with the presence of subsequent hydrocephalus. Two MR imaging findings (B, enhanced lesion attached to the basal cistern; D, enhancement of ventricle wall) were also associated with the presence of hydrocephalus, and two other findings (A, distant leptomeningeal dissemination suspected before or at the diagnosis of recurrent GBM; C, enhanced lesion attached to the ventricle wall or invading the ventricle space) also tended to be associated with the presence of hydrocephalus. Including all 4 factors (A-D), the total score was closely related with the presence of hydrocephalus (p ＝ 0.001, MWU test). The incidence of leptomeningeal dissemination (multiple leptomeningeal enhancement clearly detected by MR imaging) after recurrent GBM was higher in the Hydro group than in the Non-hydro group (p ＝ 0.0104, Fisher direct method). Nine of 12 patients in the Hydro group underwent shunt surgery. Only one patient underwent spinal drainage, and the other died before treatment for cerebrospinal fluid circulation disturbance. In the remaining 7 patients, mean cell count was 52.5 ± 128.0 (range 1-368) cells/mm 3 , mean protein level was 493.0 ± 1050.4 (range 40-3084) mg/dl, and mean cerebrospinal fluid pressure was 20.0 ± 7.7 (range 15-35) cmH 2 O. The disseminating lesions were detected after the diagnosis of hydrocephalus in only 2 cases, and were identified before or at the time of diagnosis of hydrocephalus in the other cases. Although there was no difference in KPS before and after the shunt surgery (median KPS of 30 versus 40, p ＝ 0.1936, Wilcoxon test), hydrocephalus-associated symptoms including unconsciousness, headache, and nausea clearly improved in 6 of 10 patients. 
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Median survival with recurrent GBM was longer in the Non-hydro group than in the Hydro group (16.3 versus 6.6 months, p ＝ 0.0253, logrank test). Median survival of 9 patients with shunt surgery and 3 patients without shunt surgery in the Hydro group was 10.4 and 4.3 months, but without statistically significant difference (p ＝ 0.2408, logrank test). To estimate the intra-ventricle pressure at the diagnosis of recurrent GBM in the Hydro and Nonhydro groups, median FA values of the gray matter including the caudate nucleus at the diagnosis of recurrent GBM were evaluated in 3 patients in the Hydro group and 4 patients in the Non-hydro group, but no difference was found (p À 0.05, MWU test) (Fig. 5) .
Discussion
The frequency of hydrocephalus in this study was 4.1% (12 cases), including 10 cases of pure communicating hydrocephalus, which was compatible with the findings of other studies. In previous series, hydrocephalus or ventricle dilation developed in 3.4-26% of patients with primary high-grade gliomas or GBM. 8, 10, 13) In one study, all 10 patients underwent multiple craniotomies, and the frequency of hydrocephalus in patients with multiple craniotomies was 22%. 10) In our experience, communicating hydrocephalus usually developed after the diagnosis of recurrent GBM, but was very rarely associated with primary GBM or WHO grade II-III gliomas at the recurrent stage (detailed data are not shown). Therefore, this study evaluated hydrocephalus only at the recurrent stage of GBM. As limitations of this study, there were many biases in inclusion criteria. For example, young or middle-age patients with recurrent GBM tended to be admitted to our hospital for treatment including surgery. Accordingly, elderly patients were excluded from this study, and the median OS of patients with recurrence from primary GBM was 15.4 months from the recurrence and 24.2 months from the initial diagnosis. Such long survival is probably due to adequate local control after aggressive removal and irradiation of the tumor, but might be associated with leptomeningeal dissemination and hydrocephalus after the late stage.
Hydrocephalus after tumor recurrence as well as patient age was clearly associated with poor outcome in this study. Survival time from the diagnosis of recurrent GBM was statistically shorter in the Hydro group than in the Non-hydro group. Ventricle opening (after radio-chemotherapy) is a significant predictor of communicating hydrocephalus in patients with high-grade gliomas. 8, 10) On the other hand, any association between ventricle opening and leptomeningeal dissemination is controversial. 1, 5) In our study, ventricle opening at the initial surgery or surgery for recurrent GBM did not predict hydrocephalus, although ventricle opening tended to be more frequent in the Hydro group than in the Non-hydro group. On the other hand, communicating hydrocephalus was associated with low K. Onuma et al.
KPS, poor RPA class, and MR imaging findings at the diagnosis of recurrent GBM indicating attachment of the lesion to the ventricle wall and/or basal cistern. We speculate that these factors were related to undetectable or potential cerebrospinal fluid dissemination of tumor cells.
In our study, the incidence of hydrocephalus was closely associated with the occurrence of leptomeningeal dissemination before (or after) the diagnosis of hydrocephalus, as pointed out previously. 6) Therefore, we hypothesized that ventricular dilation is present before or at the diagnosis of recurrent GBM due to dissemination undetectable by MR imaging. However, both Evans index and mPVHR were similar in the Hydro and Non-hydro groups at the diagnosis of recurrent GBM in this study, which indicates that these indexes cannot predict subsequent hydrocephalus. Moreover, FA values of the gray matter, which is increased in the hydrocephalic state or high intracranial pressure, 11, 12) showed no difference between the Hydro and Non-hydro groups at the time of recurrence. This finding indicates that FA value at the diagnosis of recurrent GBM could not predict subsequent hydrocephalus, probably because the hydrocephalic state is not present at the time of recurrence but occurs thereafter. On the other hand, MR imaging findings that indicate lesion attachment to the basal cistern and/or ventricle, for example, enhanced lesion attached to the basal cistern and enhancement of the nearby ventricle wall, were closely associated with subsequent hydrocephalus. In particular, we think that obscure (or obvious) enhancement of the nearby ventricle wall may be a key indicator of subsequent hydrocephalus. In the present study, enhancement of the nearby ventricle wall on MR imaging at the diagnosis of recurrent GBM was detected in 7 of 12 cases in the Hydro group, including retrospective analysis. These findings support our hypothesis that the potential for hydrocephalus is present at the diagnosis of recurrent GBM, although marked ventricular dilation only occurs after the diagnosis.
The present study suggests that some MR imaging findings at the diagnosis of recurrent GBM may predict subsequent hydrocephalus. We should carefully monitor ventricle size and dissemination, especially in patients with low KPS and/or poor RPA class, if MR imaging indicates lesion attachment to the basal cistern and/or ventricle at the diagnosis of recurrent GBM.
